We analyze the polarization dependence of photoelectron momentum maps observed in one-photon photoemission (1PPE) and two-photon photoemission (2PPE) from clean Cu(111) surfaces and from surface alloys of Bi on Cu(111). For clean Cu(111), we find similar emission patterns and a similar polarization dependence in 1PPE and 2PPE due to the dominating influence of direct optical transitions between initial and final bulk states. In contrast, on the Bi/Cu(111) surface, we observe significantly different emission patterns between linear and nonlinear photoemission measurements. This behavior is assigned to the presence of unoccupied states, which favor surface two-photon transitions specific to the Bi surface alloy and suppress the strong bulk contribution seen in 1PPE. The polarization dependence of the 2PPE momentum patterns can be assigned to the properties of the occupied states of the Bi/Cu (111) surface alloy, which we analyze with the help of one-step photoemission calculations.
I. INTRODUCTION
Angle-resolved photoemission spectroscopy (ARPES) is a powerful tool to investigate the electronic structure of materials. 1, 2 The symmetry character of the electronic states probed by ARPES manifests itself in the sensitivity of the photoemission matrix element to the polarization vector of the incident light. For example, optical selection rules are enforced by the symmetry of both the initial and the final states in photoemission, which is extremely useful for the qualitative interpretation of measurements in high-symmetry directions of crystals. 3, 4 For the quantitative interpretation of photoemission intensities, however, one has to rely on theoretical calculations to reveal the specific sensitivity of the photoemission signal to the polarization of the excitation light. Compared to the linear one-photon photoemission process on which conventional ARPES is based, additional possibilities are provided by nonlinear multiphoton photoemission, which is sensitive to intermediate unoccupied states. Compared to polarizationdependent ARPES, however, the polarization dependence of momentum-resolved multiphoton photoemission has been studied much less.
In this paper, we use a combination of a femtosecond-laserbased photoemission light source coupled with a momentum microscope 5, 6 to compare the polarization dependence of linear [one-photon photoemission (1PPE)] and nonlinear (multiphoton) photoemission at Cu(111) and Bi/Cu(111) surfaces. The momentum microscope is especially suited for such polarization-dependent investigations because it makes possible the collection of the photoelectrons in the complete half-space above a crystal surface without mechanical movement of neither the sample nor the detection stage, thus, ensuring that all changes observed in the k -dependent electron intensity are due to changes in the incident light only. The momentum microscope provides an efficient and direct mapping of all the photoelectron k vectors parallel to the surface and, thus, enables us to conveniently analyze effects related to the symmetry of the surface electronic structure and the polarization dependence in the k-resolved optical transitions extending beyond high-symmetry directions in k space. A laser-based light source [7] [8] [9] is especially well suited to the momentum microscope as the focus can be efficiently confined to the specific sample region, which is subsequently analyzed by the electron optics, thus, providing optimal brilliance.
Surface alloys of Bi and other heavy elements on fcc(111) surfaces have attracted great interest as model systems for the study of spin-split electronic states in nonmagnetic systems.
10,11 Figure 1 shows a comparison of linear and nonlinear photoemission processes in the electronic structure of Bi surface alloys near the point at the Cu(111) surface. 12, 13 The schematic spin-orbit-influenced Rashba-type dispersion shown in Fig. 1 is a rather general feature of Bi, Pb, and Sb surface structures on Cu(111) and Ag(111) surfaces with correspondingly different Fermi levels and bulk band gaps. 10, [14] [15] [16] As shown by the black vertical arrows, 1PPE exclusively probes the occupied surface and bulk states. In comparison, two-photon photoemission (2PPE) can also probe the same occupied states and the unoccupied states as shown by the blue vertical arrows. For Cu(111), the Bi-induced surface states of the sp z and p x p y characters with negative effective masses show band maxima at E 1 = 0.1 and E 2 = 1.4 eV, respectively. These bands replace the Shockley surface state of clean Cu(111) and accommodate the p electrons donated by the bismuth atoms. The maxima of the Rashba parabolas are symmetrically shifted away from the point by k offset = ±0.04 and ±0. emission patterns between linear and nonlinear photoemission measurements on the Bi/Cu(111) surface. In our case, the unoccupied states favor two-photon transitions, which are related to the Bi surface alloy and, thus, enhance the surface sensitivity of the 2PPE signal in comparison to 1PPE in this specific system. With the help of one-step photoemission calculations, we analyze the polarization dependence of the 2PPE momentum patterns according to the properties of the initial occupied states of the Bi/Cu(111) surface alloy.
II. EXPERIMENT AND THEORY
We investigate the electronic dispersion of clean Cu(111) and Bi alloys on Cu(111) in the occupied and unoccupied regimes by k -resolved 1PPE and 2PPE spectroscopies using a momentum microscope. 5 This device has the unique feature that it can directly map the energy-resolved in-plane momentum components k x and k y of photoelectrons emitted into the full hemisphere (±90
• ) without the need for sample or detector rotation.
The copper surface is prepared by Ar + -ion sputtering and annealing under ultrahigh vacuum conditions (p < 8 × 10 −11 mbar). The surface quality was checked by spatial imaging in a photoelectron emission microscope and by the photoemission spectra. Approximately, a 1/3 monolayer 17 of Bi is thermally evaporated on the clean Cu(111) surface at a temperature of 450 K. During the deposition, medium-energy electron diffraction is used for monitoring the growth of the Bi overlayer to obtain a long-range-ordered (
• surface reconstruction. Following the preparation, all photoemission measurements were performed at 170 K. (111) is shown with indicated high-symmetry directions in relation to the bulk Brillouin zone. In the experimental geometry of the present paper, the crystal is oriented with k x parallel to the bulk [112] direction and k y parallel to the [110] direction. For the 2PPE spectroscopy, the photoelectrons are excited by the second harmonics of a Ti:sapphire femtosecond laser with a photon energy of hν = 3.1 eV and a pulse width of about 20 fs. For the 1PPE spectroscopy, either the fourth harmonics of the Ti:sapphire laser with a photon energy of hν = 6.0 eV or the He I discharge lamp radiation of photon energy hν = 21.2 eV is used. The laser light or the He I radiation are incident from viewports in two different directions.
For the theoretical calculations of both electronic structure and photoemission intensities, we rely on the local density approximation to density functional theory using a relativistic multiple-scattering approach [layer Korringa-Kohn-Rostoker (KKR)]. Solving the Dirac equation, spin-orbit coupling is included. We use the Perdew-Wang exchange-correlation functional. 18 The photoemission spectra from Bi/Cu(111) were computed within the one-step model using self-consistent potentials as input as described by Mirhosseini et al. The k -space periodicity of the electronic structure of the Bi(
• superstructure is directly seen in the right pattern by the translated copies of the central structure around¯ .
shown in this paper. For a detailed study of the electronic structure of Cu using the momentum microscope, see Ref. 6 .
In Fig. 3 (b), it is seen that the photoemission horizon is enlarged due to the lower work function of the sample after Bi deposition. Typically, the work function of Cu (111) is reduced by about 0.5 eV after formation of the (
• superstructure as judged by the low-energy photoemission threshold measured by laser excitation (see below). A comparison to the clean Cu(111) pattern enables us to distinguish the particular changes which are induced by the Bi surface alloy. First of all, the Bi (
• overlayer results in a correspondingly reduced and rotated surface Brillouin zone (as sketched in the figure), which is why the neighboring six Brillouin zones become beautifully visible in the Fermi-level momentum map as translated copies of the central structure in the first SBZ near . There, the point is surrounded by two concentric circles, which correspond to the Fermi contours of the Rashba-split sp z bands shown in Fig. 1 . Because the accessible momentum range is comparatively large for He I excitation, the fine structure of the Rashba-split rings is not perfectly visible. However, the momentum maps with higher magnification used in the laser-based experiments can clearly resolve these bands and their dispersions as we see below. The two concentric rings of the Rashba-split Bi surface alloy states near the point are furthermore surrounded by a hexagon extending to k x = ±0.3Å −1 , corresponding to the occupied part of the p x p y states. 13 Our observations using the He light source verify and extend previous results by the direct mapping of several SBZs and directly visualize the paradigmatic concept of the periodic surface band structure. As we also see in Fig. 3(b) , although the geometric shape of the surface-state features repeats itself in different SBZs, the actual photoemission intensities from the Bi surface states are not completely equivalent.
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B. Momentum maps for 1PPE and 2PPE from clean Cu(111)
We now turn to the results of laser-based 1PPE and 2PPE measurements on clean Cu(111) surfaces. The corresponding momentum maps I (k x ,k y ) at an energy E F − 50 meV show the Shockley surface state (inner circle) and direct optical sp-sp transitions (outer circle) using p-polarized light in both 1PPE [ Fig. 4(a) ] as well as 2PPE [ Fig. 4(c) ]. The distribution of the direct optical sp-sp transitions agrees with previous measurements. 20 The slightly larger photoemission horizon in the 2PPE process is due to the 0.2 eV higher total photon energy compared with that of the 1PPE process. This is why, in 2PPE, the outer sp-sp transition is completely visible as a ring, whereas, in 1PPE, this transition is hidden to a large extent beyond the photoemission horizon. As we will see below, the 1PPE sp-sp transition will be completely unveiled by the work-function reduction after Bi adsorption. For comparison to the p-polarized excitation, we show s-polarized 2PPE measurements in Fig. 4(e) . The excitation of surface-state and sp bands is severely reduced using s-polarized excitation in both linear and nonlinear photoemission regimes. This is in agreement with selection rule arguments 3 because the sp z character of these states does not allow optical transitions by light with electric-field components within the surface plane.
The experimental dispersion relations E( k ) corresponding to the complete energy-resolved set of the momentum maps at k y = 0 are depicted in Figs. 4(b), 4(d), and 4(f) . These cuts correspond to the M--M direction of the (111) surface. We find the binding energy of the Shockley surface state at 370 meV, and its effective mass is determined to be m eff = 0.4m e for both photoemission regimes. 21 These values agree well with literature values, 22 taking into account temperature effects.
Overall, both 1PPE and 2PPE measurements produce very similar momentum patterns from the clean Cu(111) surface indicating the dominance of the initial and final states in both regimes (see Fig. 1 ). This is consistent with the fact that there are no unoccupied intermediate states on Cu(111), which are resonantly accessible in 2PPE with the photon energies near 3.1 eV that we use here.
C. Momentum maps for 1PPE and 2PPE from Bi/Cu(111)
The effect of the 1/3-monolayer Bi adsorption with a surface reconstruction of (
• is presented for 1PPE in Fig. 5 and for 2PPE in summed 1PPE momentum maps for both polarizations for the same laser intensity, thus, corresponding to unpolarized excitation.
It has been mentioned above, in Fig. 3(b) , for the He I measurements, that the Shockley surface state of Cu (111) is replaced by states induced by the Bi surface alloy. In the He I measurements shown above, the spin splitting of the sp z surface states could not be obtained with high resolution due to the enlarged photoemission momentum space. Here, however, Figs. 5(a) and 5(c) display very clearly the concentric rings corresponding to the spin-orbit split states. The hexagonal structure surrounding the two central rings is also seen in the p-and s-polarized measurements. Both p and s polarizations can excite the Rashba-split rings and the hexagonal feature, showing that these states exhibit intensities that depend both on k and on the incident polarization.
Apart from the Bi-induced states, the optical transitions resulting from the copper substrate are also clearly visible in the 1PPE measurements of Fig. 5 : The ringlike sp-sp transitions [ Fig. 4(c) ] surround the Bi bands with threefold additions coming from backfolding of the bulk transition, 23 which is an example of surface umklapp processes. 24, 25 Very interestingly, in the p-polarized excitation regime, only two of the three contours are seen, and in the s-polarized excitation regime, all three are visible with the one on the left-hand side having very high intensity. To analyze this polarization-selective issue, we also present the case where p-and s-polarized momentum maps are added (leading to the result for unpolarized excitation) in Fig. 5(e) . There, it is seen that all three of the backfolded contours as well as the Bi-induced states have equal intensities and result in a pattern with overall threefold rotational symmetry.
Analyzing the dispersion relations of these measurements [Figs. 5(b) and 5(d)], it is seen that the top of the sp z bands of the Bi surface alloy is found above E F , which is consistent with previous results. 12, 13 Due to the photon energy used in the experiment, however, we cannot realize a two-photon transition from E F + 0.1 eV to above the vacuum level (see Fig. 1 ), which would be necessary to map the unoccupied part of the sp z bands. The occupied parts of these spin split sp z surface states can be described by the Rashba model
The effective mass of the surface states is found to be −0.37m e , the momentum offset between the band maxima is 0.08 ± 0.01Å −1 , and the Rashba energy (the energy gap between the crossing point of the bands to their maxima) is determined as 20 meV. According to the previous theoretical calculations and experimental measurements, 12 there are unoccupied p x p y states located around 1.4 eV above E F . The photon energy of 3.1 eV used for 2PPE enables us to map the top part of the unoccupied p x p y bands as sketched in Fig. 1 The dispersion relations from p-polarized excitation in Fig. 6(b) show the above-mentioned unoccupied p x p y states as inverted parabolas. They cross at k y = 0 near E = 1.4 eV, which agrees very well with the theoretical calculations, and the band maxima are offset from each other by about 0.10 ± 0.01Å −1 . The Rashba energy is measured to be 50 meV, and the effective mass of these surface states is determined to be around −0.2m e . There are four additional bands seen at higher energies in the dispersion map of Fig. 6(b) . The origin of these bands is the occupied part of the sp z states near the Fermi level and below. 
IV. DISCUSSION
In order to test the applicability of one-step photoemission calculations for the interpretation of our measurements, we compare the experimental intensity map at the Fermi level for He I excitation with a calculated intensity distribution as seen in Fig. 7 . The qualitative structure of the measured pattern is well reproduced by the calculation. The most obvious quantitative difference is seen in the spin-orbit splitting of the Bi surface alloy states, which is overestimated by the theory. This effect is known also from other KKR calculations.
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A. Polarization dependence
Having in mind the level of agreement of the one-step photoemission calculation for the He I observations, we also simulated the 1PPE measurements with 6 eV photon energy in Fig. 8 . The considerably reduced photoemission horizon for this low photon energy leads to emission in the k range of ±0.8Å −1 and corresponds to the central part of the He lamp measurements in Fig. 7 . The main features of the direct sp-sp transitions and the backfolded structures are nicely reproduced by the theory. Comparison to the experimental data in Fig. 5 shows nice agreement with the experimentally observed polarization dependence of the backfolded sp-sp transitions. This polarization dependence can be understood from the p z -like character of the relevant sp bands near the L direction in combination with the projection of the light's polarization vector on the symmetry-equivalent L directions away from the [111] surface normal. 23 Looking at the Rashba-split states, we see that the spin-orbit splitting is overestimated like before in Fig. 7 . Qualitatively, the inner ring shows a higher intensity than the outer one for p-polarized light. This is consistent with the measurements in Fig. 5(a) . For s-polarized light, only a very low photoemission intensity should be produced from the Rashba-split states compared to the bulk sp-sp transitions according to the calculation in Fig. 8 . We assign the relatively higher intensity of the rings seen in the s-polarized measurement in Fig. 5(c) to a remaining phase-shifted p-polarized component in the excitation light, which would also be consistent with the breaking of the mirror symmetry with respect to the horizontal optical plane. For the analysis of the 2PPE measurements, similar theoretical calculations as for 1PPE are not available at the moment due to the increased complexity of the description of the respective 2PPE processes. For a qualitative discussion of similarities and differences to 1PPE, we resort to simulations of 1PPE with severely broadened bulk transitions. This is achieved by increasing the imaginary part of the crystal potential V oi (optical potential) for the final states and should qualitatively bring out the influence of the initial surface states. The results in Fig. 9 show a clear difference for p-polarized light (left) to s-polarized light (middle) for the hexagonal feature. Similar to what is seen in the experimental 2PPE measurements of Fig. 6 , the p-polarized light emphasizes the tips of the hexagon on the k y axis, whereas, the s-polarized light emphasizes the sides of the hexagon crossing the optical plane. In contrast to this similar behavior in the 2PPE measurements, the 1PPE calculations do not reproduce the node along the optical plane seen for p-polarized 2PPE in Fig. 6(a) . As a similar trend is seen also for the inner ring in the 1PPE experiment in Fig. 5(a) , we cannot assign the reason for this disagreement with theory at the moment.
Considering the 2PPE experiments from Bi/Cu(111), in addition to the reduced energy and k resolution caused by the broad excitation spectrum of the ultrashort excitation pulses, the measurements show a structure with a number of local peaks instead of the more continuous features seen in the 1PPE experiments. A mechanism that could lead to this structure is the k-specific enhancement of 2PPE due to resonances with intermediate states. In this case, the structure and symmetry of the k-dependent initial and intermediate densities of states should directly influence the observed 2PPE intensity. This is why we show, in Fig. 10 , the spectral density of states at the Fermi level (left) at one-photon energy above the Fermi level (middle) and the product of both (right). We can see that, in our case, the initial states provide the overall "hexagon + two ring" structure seen in the measurements. Apart from the initial-state structure, the product of the spectral densities relevant for 2PPE is influenced by the intermediate states as we can see, e.g., by local enhancements of intensity along the hexagon, rather similar to what is experimentally observed (Fig. 6) .
B. Relative surface sensitivity of 2PPE and 1PPE
A striking feature of the 2PPE momentum maps is the clear visibility of the direct optical bulk sp-sp transition on the clean Cu(111) surface, although this bulk feature is severely reduced in the 2PPE measurements from Bi/Cu(111).
Obviously, the presence of unoccupied Bi-related states increases the probability for resonant and nonresonant twophoton transitions in the Bi surface alloy relative to the (Fig. 6) , indicating the dominating influence of the initial states in the respective 2PPE processes. 27 Compared to the 2PPE process, the additional unoccupied states are not relevant for one-photon transitions, which explains the relatively constant 1PPE contribution of the direct optical bulk transitions from both Bi/Cu(111) and clean Cu(111). The thickness region sampled by the 1PPE is on the order of the inelastic mean-free path at the final-state energy and comprises a significant number of Cu layers on the order of 20Å. 28 Specifically, for Bi/Cu(111), the surface localization of the 2PPE process allows for selectively enhancing the Bi surface-alloy states with respect to the Cu(111) bulk crystal states. This can be seen in the 2PPE results of Fig. 6(e) where the dashed circles show how the central hexagonal feature is created by an intersection of six circles, which are, however, of severely reduced intensity outside the actual hexagon. The origins of the circular features are the six symmetry-equivalent K points of the Bi-surface alloy Brillouin zone as can be seen by comparison to Fig. 3 . For comparison, in the measurements with the He I source in Fig. 3 as well as in the results using 6 eV photons in Fig. 5 , the weaker circular features extending from the central hexagon are absent. This is due to the averaging of bulk and surface signals in these 1PPE measurements where a small surface contribution is overwhelmed by the bulk signal. The intensity reduction in the low-symmetry directions outside the central hexagon seems to be connected to the underlying Cu(111) bulk continuum. The surface-alloy states in the region of larger k couple stronger to the underlying bulk states compared to the positions in the central hexagon, which still are nearer to the band-gap region around in the center of Fig. 6(e) .
In comparison to the enhancement of the surface electronic structure in 2PPE from Bi/Cu(111), it is important to note that we have recently demonstrated the opposite behavior for photoemission from ultrathin Co films on Cu(001). 29 There, the contribution of an occupied surface resonance is suppressed due to the availability of additional unoccupied quantum-well states for two-photon transitions. In spinresolved measurements, we have shown that this scenario favors 2PPE transitions inside the Co film compared to an enhancement of the surface contribution in 1PPE. Thus, the measurements presented in this paper and those in Ref. 29 show that the problem of the relative surface sensitivity of 1PPE vs 2PPE cannot be discussed without consideration of the depth-resolved electronic structure of the specific system under study. As an application, we suggest that going from 1PPE with a one-photon excitation energy of hν to a two-photon excitation with hν/2 provides a way to tune the surface sensitivity of the observed photoemission signal, which can be exploited in future studies.
V. SUMMARY
We investigated the polarization dependence of photoelectron momentum maps in linear and nonlinear photoemission measurements from clean Cu(111) and from the long-range-ordered ( √ 3 × √ 3)R30
• surface reconstruction of a Bi/Cu(111) surface alloy. In the case of clean Cu(111), 1PPE and 2PPE measurements both showed similar photoemission momentum patterns and a similar polarization dependence as a result of direct optical transitions from the occupied initial states to the final states. In contrast to the clean Cu(111) surface, very different emission patterns were observed from Bi/Cu(111) in p-polarized and s-polarized 1PPE and 2PPE measurements. The 1PPE experiments on this system showed a polarization dependence in the form of appearance or suppression of photoemission intensity of the backfolded sp-sp transitions, which we assigned to the p z -like character of the relevant sp bands near the L direction by using one-step photoemission calculations. Similarly, we found that the presence of unoccupied states on Bi/Cu(111) emphasized surface two-photon transitions specific to the Bi alloy as compared to the bulk contributions seen in 1PPE. We argued that the polarization dependence of 2PPE momentum patterns of Bi/Cu(111) stemmed from the properties of its occupied initial states and was additionally influenced by the unoccupied intermediate states. The experimental investigation using our momentum microscope provided comprehensive information on the polarization dependence of the k-resolved photoemission features of Bi/Cu(111). We suggested a way to tune the surface sensitivity of an observed photoemission signal by switching between one-photon and two-photon excitations.
